Sphingomyelin phosphodiesterase, acid-like 3A (SMPDL3A) is a member of a small family of proteins founded by the well characterized lysosomal enzyme, acid sphingomyelinase (ASMase). ASMase converts sphingomyelin into the signaling lipid, ceramide. It was recently discovered that, in contrast to ASMase, SMPDL3A is inactive against sphingomyelin and, surprisingly, can instead hydrolyze nucleoside diphosphates and triphosphates, which may play a role in purinergic signaling. As none of the ASMase-like proteins has been structurally characterized to date, the molecular basis for their substrate preferences is unknown. Here we report crystal structures of murine SMPDL3A, which represent the first structures of an ASMaselike protein. The catalytic domain consists of a central mixed ␤-sandwich surrounded by ␣-helices. Additionally, SMPDL3A possesses a unique C-terminal domain formed from a cluster of four ␣-helices that appears to distinguish this protein family from other phosphoesterases. We show that SMDPL3A is a di-zinc-dependent enzyme with an active site configuration that suggests a mechanism of phosphodiester hydrolysis by a metal-activated water molecule and protonation of the leaving group by a histidine residue. Co-crystal structures of SMPDL3A with AMP and ␣,␤-methylene ADP (AMPCP) reveal that the substrate binding site accommodates nucleotides by establishing interactions with their base, sugar, and phosphate moieties, with the latter the major contributor to binding affinity. Our study provides the structural basis for SMPDL3A substrate specificity and sheds new light on the function of ASMase-like proteins.
Sphingomyelin is a major lipid constituent of mammalian cellular membranes. Hydrolysis of sphingomyelin (SM) 3 to ceramide and phosphocholine by sphingomyelinase enzymes (SMases) alters membrane properties and can result in the formation of signaling platforms, thus facilitating signal transduction (1) . Mammalian SMases are classified into three categories based on their pH optimum (2) . The lone alkaline SMase metabolizes SM in the intestinal tract (3), whereas neutral SMases are active on the cytosolic side of the plasma membrane and in various organelles (4) . The acid sphingomyelinase (ASMase) is found mainly in lysosomes; however, a fraction of this protein is secreted where it can act on the extracellular side of the plasma membrane and on lipoproteins in the circulation (5) .
ASMase is a member of a small family of three paralogs that also includes SMPDL3A and SMPLD3B. The latter two proteins are poorly characterized compared with ASMase. SMPDL3B was recently shown to be a negative regulator of the immune signaling response induced by Toll-like receptors, and deficiency of this enzyme changes the cellular lipid composition and membrane fluidity (6) . Given its role in membrane modulation and the fact that SMPDL3B is anchored to the membrane via a glycosylphosphatidylinositol link (7) , its substrate is likely to be a membrane constituent like SM. The substrate and function of SMPDL3A, however, are less clear. This enzyme is secreted by osteoclasts (8) , adipocytes (9) , astrocytes (10) , and macrophages (11) , where it is up-regulated by the activation of the liver X receptor (12, 13) . In the serum, SMPDL3A interacts with apolipoprotein A1 (14, 15) . Its expression is increased in the vasculature in obesity (16) , in atherosclerotic lesions (17) , and in drug-induced phospholipidosis (18, 19) . These findings suggested a lipid-related role for SMPDL3A in the circulation. Additionally, the mannose 6phosphate lysosomal targeting signal has been detected on this protein from multiple tissues (20) , showing that SMPDL3A is transported to lysosomes (21) . However, its lysosomal targeting is reduced during pathological accumulation of cholesterol and glycolipids in that compartment (22) .
More recently, SMPDL3A was reported to be a phosphoesterase up-regulated by cholesterol in macrophages (11) . Surprisingly, the enzyme was found to be inactive against SM or other lipids but instead active in the hydrolysis of nucleotide diphosphates and triphosphates (11) . An anti-inflammatory role as a moderator of nucleotide-based purinergic signaling was, therefore, proposed for this protein. Furthermore, SMPDL3A was shown to be inhibited by zinc, whereas its close homolog, ASMase, is a zinc-dependent enzyme (5) . A recently discovered bacterial ASMase-like protein, RsASML, also displayed no activity against SM but was able to hydrolyze ATP and ADP (23) . This bacterial enzyme shares 23% sequence identity with human SMPDL3A, which is in turn 39% identical to SMPDL3B and 29% identical to ASMase.
These reports revealed an unexpected divergence of substrate specificity within the ASMase-like family. As neither ASMase nor its paralogs has been structurally characterized, the basis for their substrate preferences remains unknown. Here we present high resolution crystal structures of murine SMPDL3A bound to several small molecules. The protein adopts a ␤-sandwich fold surrounded by ␣-helices and has a unique C-terminal domain. Structures of the enzyme bound to AMP and an ADP analog explain its ability to accommodate nucleotide substrates and its lack of activity against SM. Based on the active site arrangement and enzymatic assay results, a catalytic mechanism for the hydrolysis of nucleotides is proposed.
Experimental Procedures
Constructs-SMPDL3A from mouse (residues 23-445; Uniprot #P70158) and human (residues 23-453; Uniprot # Q92484) were subcloned into a derivative of pFastBac 1 (Invitrogen). The vector contained the melittin signal peptide MKF-LVNVALVFMVVYISYIYA followed by a hexahistidine tag DRHHHHHHKL.
Protein Expression and Purification-Recombinant baculoviruses were generated according to the Bac-to-Bac Baculovirus Expression System protocol (Invitrogen) with minor modifications; DH10MultiBac cells were used (24) , and viruses were added to Sf9 cells grown in I-Max medium (Wisent Bioproducts). Protein expression took place at 27°C for 64 h. Subsequent steps were carried out at 4°C. Cells were removed by centrifugation at 1000 ϫ g then at 9000 ϫ g, and supernatants containing the secreted protein were incubated with HisPur nickel-nitrilotriacetic acid resin (Thermo Fisher Scientific). The beads were washed with buffer A (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1 mM MgCl 2 ) and eluted with buffer A containing 250 mM imidazole. Proteins were concentrated and loaded on a Superdex 200 10/300 GL size-exclusion column (GE Healthcare) equilibrated with buffer B (15 mM Tris-HCl, pH 7.5, 100 mM NaCl). Proteins were concentrated to 10 mg ml Ϫ1 and flash-frozen.
Enzymatic Assay with Generic Phosphodiesterase Substrate-Protein at 50 nM was incubated with 1.7 mM bis(p-nitrophenyl) phosphate in assay buffer (100 mM NaCl and 100 mM Tris-HCl, pH 7.5, or sodium acetate, pH 5) at 37°C. 100 mM NaOH was then added before measuring absorbance at 405 nm. The change in absorbance after 30 min was used for obtaining the normalized activity rates.
Enzymatic Assay with Nucleotide Substrate-The Biomol Green phosphate detection method (Enzo Life Sciences) was slightly modified. Protein at 1 nM to 2 M was incubated with 4.35 M to 2 mM ATP in assay buffer supplemented with 5 M ZnCl 2 at 37°C. Four volumes of Biomol Green reagent were added followed by incubation and absorbance measurement at 620 nm. The difference in absorbance after 15 min of ATP hydrolysis by SMPDL3A was used to interpolate the amount of phosphate produced via a standard curve. Linearity of the initial rates was ensured by comparing the result with those of a 30-min hydrolysis reaction. Michaelis-Menten parameters were obtained by nonlinear regression of the initial rates at varying ATP concentrations.
Crystallization and Data Collection-Crystals were grown by hanging drop vapor diffusion at 22°C. Protein at 10 mg ml Ϫ1 in buffer B was mixed with an equal volume of well solution. Murine SMPDL3A was crystallized in 0.2 M (NH 4 ) 2 SO 4 , 0.1 M sodium acetate, pH 4.6, and 25% PEG 4000. For anomalous diffraction experiments, crystals were soaked in well solution supplemented with 20 mM ZnCl 2 . Ligand-bound structures were obtained by crystallizing the protein in the presence of 50 mM phosphocholine, AMP, or ␣,␤-methylene ATP (AMPCPP). All crystals were briefly soaked in well solution supplemented with 20% glycerol before flash-freezing. Diffraction data were collected at 100 K on beamlines 08ID-1 and 08B1-1 at the Canadian Macromolecular Crystallography Facility, Canadian Light Source, and on beamline Mac-CHESS F1, Cornell High Energy Synchrotron Source. Data were processed with HKL2000 (25) .
Structure Determination and Refinement-The structure of murine SMPDL3A was solved by zinc single-wavelength anomalous diffraction using Autosol in Phenix (26) and manually rebuilt in Coot (27) . Subsequent structures were obtained by molecular replacement using Phaser in Phenix. Refinement was performed with phenix.refine. Data processing and refinement statistics are presented in Table 1 .
Results
Overall Structure of SMPDL3A-We determined the crystal structure of full-length murine SMPDL3A, which shares 80% identity with human SMPDL3A (Fig. 1 ). Our construct excluded the N-terminal signal peptide, which is normally not present in the mature protein, and extends from residues 23 to 445. The structure was solved at 1.8 Å resolution using SAD phasing from two tightly bound zinc ions in the active site. All subsequent structures with ligands were solved with molecular replacement (see Table 1 for data collection and refinement statistics). The enzyme adopts a relatively spherical shape with overall dimensions of 42 Å ϫ 46 Å ϫ 48 Å ( Fig. 2A ). The structure consists of two mixed ␤-sheets at its core flanked by ␣-helices ( Fig. 2B) ; this architecture classifies it as a member of the calcineurin-like phosphoesterase structural superfamily (PFAM code PF00149, Fig. 2C ), which also contains nucleotidases and, most notably, the PPP family of serine/threonine phosphatases (28) . Both ␤-sheets contain six strands and form a mixed ␤-sandwich closed at one end and open at the other. The closed end as well as both longitudinal sides of the sandwich are surrounded by a total of seven ␣-helices. In addition, the structure includes a helical C-terminal domain (CTD). The CTD forms a cluster of four ␣-helices packed up against the open end of the ␤-sandwich, burying ϳ1900 Å 2 of surface area, and is unique to the three ASMase-like proteins in mammals ( Fig.  1 ). The interface between the domains is formed mainly by hydrophobic contacts as well as multiple hydrogen bonds. Two disulfide bonds stabilize the CTD, and another disulfide bridge is present in the catalytic domain. The structure is also decorated by six N-linked glycans. Human SMPDL3A (11) shares five of these glycosylation sites and has two additional potential sites that correspond to surface-exposed locations in the structure.
Active Site Configuration-The active site of SMPDL3A is in a depression on the surface of the protein formed by loops extending from the central ␤-sheets. At its core are found two metal ions coordinated by the side chains of seven conserved residues ( Fig. 3) . A sulfate ion from the crystallization solution is positioned above the metals and coordinates them with two of its oxygen atoms. The third sulfate oxygen forms hydrogen bonds with two nearby histidines, His-149 and His-111. An additional interaction is formed between the sulfate ion and one of the metal-binding residues, Asn-148. A water molecule also bridges both metals. and murine (m-) SMPDL3A (80% identity) as well as of human ASMase (29% identity to SMPDL3A) and SMPDL3B (39% identity) are aligned. Cysteines involved in conserved disulfide bonds are highlighted in yellow, metal-coordinating residues are in green, and potential N-glycosylation sites are in gray. The two histidines and the aspartic acid involved in phosphate binding or catalysis are colored in pink. The tyrosine and the glutamine forming the sides of a cleft, which accommodates the adenine base of nucleotides, are shown in blue, as are the corresponding residues of human SMPDL3A. The CTD is delimited by blue brackets. Secondary structure elements of murine SMPDL3A are shown as red cylinders for helices and yellow arrows for strands.
TABLE 1

X-ray data collection and structure refinement statistics
Values in parentheses refer to the highest resolution shell. High resolution cutoff was guided by the correlation coefficient CC 1/2 (35 SMPDL3A is part of a superfamily of phosphoesterases that utilize two metal cations for catalysis. Although ASMase is known to require zinc for activity (5) , SMPDL3A was shown to be inhibited by zinc (11) . As all metal-coordinating residues are conserved between both proteins ( Fig. 1) , this finding was rather perplexing. Thus, we sought to further investigate the cation dependence of SMPDL3A. When purified from insect cell media, the recombinant enzyme is catalytically active, and x-ray absorption scans on the protein crystals indicated the presence of zinc (data not shown). We found that low concentrations of zinc ranging from 5 to 100 M caused the hydrolysis rate of the generic phosphodiesterase substrate bis(p-nitrophenyl) phosphate by SMPDL3A to double (data not shown). However, increasingly higher concentrations of zinc did indeed inhibit the enzyme as reported (11) , most noticeably at neutral pH. To understand the structural basis for this inhibition, we determined the structure SMPDL3A in the presence of supraphysiological levels of zinc (10 mM). Under these conditions we found that a third zinc ion becomes bound by the protein, coordinated by the side chains of His-149 and His-111 (Fig. 4) . The third zinc actually blocks the active site by occupying the location where the sulfate or substrate phosphate group binds under normal conditions. This inhibition could be reversed by mild EDTA treatment to remove the loosely bound third zinc ion. These results suggest that, like ASMase, SMPDL3A is a zinc-dependent enzyme. Substrate Recognition-A variety of substrate specificities exists within the calcineurin-like phosphoesterase superfamily (Pfam code PF00149), including nucleic acids and phosphoproteins. However, as SMPDL3A is most similar to the well studied sphingomyelinase ASMase, the finding that the former hydrolyzes nucleotides rather than lipids (11) was unexpected. To address why SMPDL3A can hydrolyze nucleotides but not SM, we determined its structure in the presence of several possible substrates and reaction products ( Fig. 5 ). It should be noted that the crystallization solution contained 200 mM sulfate, a competitor for the active site, and therefore, substrates may not be present at full occupancy in the crystals. The substrate binding site is a large water-filled T-shaped cavity that emanates from the zinc ions. The crystallization of phosphocholine (PC), a product of SM hydrolysis, with SMPDL3A revealed that it can bind to the active site (Fig. 5, A and B) , but the interaction was mediated mainly by the phosphate group. The positively charged choline moiety does not form any specific interactions with the protein that could stabilize it, such as cation- (29) or electrostatic contacts with negatively charged residues. By contrast, the structure of SMPDL3A bound to AMP shows that in addition to specific phosphate interactions, the adenine ring is positioned in a cleft between the side chains of Gln-324 and Tyr-257 ( Fig. 5C ). This arrangement allows for stacking between the tyrosine and the adenine base. However, the ribose group of AMP did not stably interact with the protein, and its electron density is fragmented, suggesting conformational flexibility in this region (Fig. 5D ).
We also crystallized the protein in the presence of the ATP analog AMPCPP, which is uncleavable between the ␣ and ␤ phosphates. However, the electron density map revealed only the presence of AMPCP in the active site, indicating that the ␥-phosphate was hydrolyzed by the protein (Fig. 5E ). The position of the adenine ring of AMPCP is similar to that of AMP, and the electron density map around it is more clearly defined in this case (Fig. 5F ). One notable difference between the two is the orientation of their terminal phosphate; in AMPCP, the three oxygen atoms coordinate the zinc ions, whereas in AMP, one oxygen points away from them (discussed further below). The terminal phosphate group of both ligands forms hydrogen bonds with His-111, Asn-148, and His-149, although in slightly different manners due to its shift in position. Again, there are no specific interactions between the ribose moiety and the protein.
To assess the importance of the tyrosine involved in stacking interactions with the nucleotide base, kinetic parameters of the wild-type protein were compared with those of the Y257A mutant ( Table 2 ). Activity was assayed at pH 7.5 and 5, reflecting the localization of SMPDL3A in the extracellular space as well as in lysosomes. First, we measured the K m values for ATP hydrolysis by the wild-type human and murine enzymes at neutral and acidic pH to be in the range of 0.1-1 mM. Affinity for ATP is three to four times higher at acidic pH for both murine and human proteins, possibly due to electrostatic attraction between the negatively charged phosphate groups and protonated histidines His-111 and His-149. Surprisingly, we found that mutation of Tyr-257 in murine SMPDL3A did not affect the K m for ATP and lowered the turnover number only slightly. These results suggest that Tyr-257 does not contribute significantly to the binding affinity of SMPDL3A for nucleotide substrates. Instead, the cleft formed by Gln-324 and Tyr-257 may simply provide shape complementarity to the base moiety to allow entry of nucleotide substrates while excluding other types of phosphodiester-containing molecules. In this manner SMPDL3A would be able to accommodate a variety of different nucleotide substrates by forming relatively weak nonspecific interactions with their non-phosphate portions, with strong binding affinity arising mainly from contacts between their phosphate groups and His-111, Asn-148, and His-149 as well as the zinc ions.
Proposed Catalytic Mechanism-Comparison of the high resolution structures of SMPDL3A with those of other phosphoesterases from the calcineurin-like superfamily allowed us to propose a nucleotide hydrolysis mechanism for it. An overlay of the active sites of SMPDL3A and calcineurin (30) is shown in Fig. 6A . The majority of the metal-coordinating residues are conserved, with the exception of His-292, which is unique to SMPDL3A. Calcineurin is a Ser/Thr phosphatase, and its mechanism of protein dephosphorylation involves a nucleophilic attack by a metal-activated water on the phosphate (28) . Importantly, the serine or threonine leaving group is protonated by a histidine residue paired with an aspartate, both highly conserved in the phosphoesterase superfamily (31) . In SMPDL3A, His-149 is the corresponding histidine and forms a hydrogen bond to the phosphate (or sulfate) group (Fig. 6A) . However, the matching aspartate is missing, and instead, an adjacent His-111-Asp-79 pair is present, which also hydrogenbonds to the phosphate group (Fig. 6A) . Interestingly, this second histidine is replaced by arginine in calcineurin and suggests that the identity of the histidine protonating the leaving group could be different in SMPDL3A. To determine which histidine is responsible for leaving group protonation, kinetic parameters of ATP hydrolysis by the corresponding glutamine or alanine mutants were determined. Mutation of either His-149 or His-111 led to a roughly 10-fold decrease in substrate affinity and lowered the turnover rate by at least 2 orders of magnitude ( Table 2 ). We can, therefore, only conclude that both histidines are essential for the catalytic activity of SMPDL3A, with His-111 assisted by Asp-79 most likely responsible for leaving group protonation.
In calcineurin, the attacking water molecule is located midway between the zinc ions, which are thought to increase its nucleophilicity as well as the electrophilicity of the phosphate moiety (36) . An analogous water molecule is visible in the active site of SMPDL3A bound to sulfate, phosphocholine, or AMP ( Figs. 3 and 5, B and D) . For the hydrolysis of nucleoside triphosphate substrates into nucleoside diphosphates, the scissile bond is between the ␥-phosphorus atom and the oxygen atom bridging it to the ␤-phosphorus atom (P ␥ -O-P ␤ ). This bond cleavage can in theory occur by attack of the nucleophilic water molecule onto either the ␥-phosphorus with ADP acting as the leaving group or the ␤-phosphorus atom with the ␥-phosphate as the leaving group. Our structures of SMPDL3A in complex with AMP and AMPCP help us discern between these two possibilities. In the AMP structure, the nucleotide appears to be bound as a bona fide substrate with the nucleophilic water molecule poised for attack 2.9 Å away from the AMP phosphorus atom (Figs. 5D and 6B). Two of the oxygen atoms of the phosphate coordinate the zinc ions, whereas the third oxygen points in the direction opposite the incoming nucleophilic water. However, in the AMPCP structure, the nucleotide appears to be bound as a hydrolysis product of AMPCPP. In this case, the positions of two zinc-coordinating oxygen atoms are essentially the same, but in stark contrast, the orientation of the third oxygen atom is flipped as in an inverted configuration and replaces the position of the attacking water molecule (Fig. 6B ).
This analysis allowed us to construct a manually docked model of SMPDL3A bound to ATP, the preferred substrates for the enzyme being nucleoside triphosphates (11) (Fig. 6C) . Importantly, if the ␥-phosphate of ATP is placed in the active site, then the ADP leaving group cannot be positioned appropriately to become protonated by His-149/His-111. Only when the ␤-phosphate is positioned in the active site is the ␥-phosphate leaving group hydrogen-bonded by His-149 and His-111 for protonation.
With the ␤-phosphate of ATP positioned in the active site, the sugar and base moieties are pushed back farther into the cleft between Gln-324 and Tyr-257 than in the case of the AMP/AMPCP co-crystal structures. This difference could enable hydrogen bonding between the ribose O4Ј and Tyr-257 as well as between O 2 Ј and Gln-324, although the wide binding site precluded modeling the orientation of the ribose with great certainty. These additional potential interactions may in part explain the preference for nucleotide triphosphate substrates by SMPDL3A. In this arrangement, the ␤-phosphate makes contacts with the zinc ions and can undergo nucleophilic attack by the activated water molecule with a concomitant inversion of its configuration (Fig. 6D) . The ␥-phosphate leaving group is protonated by either His-149 or His-111 and departs. Similarly, for the conversion of ADP to AMP, the active site would be occupied by the ␣-phosphate and the terminal ␤-phosphate would act as the leaving group.
Discussion
This study reports the first structural characterization of a member of the ASMase-like family of enzymes. The architecture of the catalytic domain is similar to other phosphoesterases, whereas the small CTD is unique to the family. The purpose of the CTD is unknown, but based on its tight association with the catalytic domain, it may simply be an extension of the latter. Mutations in the CTD of ASMase have been shown to inactivate the protein (32), but whether this is due to effects on trafficking, activity, or protein stability is unclear.
Unlike SMPDL3A and SMPDL3B, ASMase contains a saposin domain that facilitates binding to membranes and lipids (5) . SMPDL3B, in turn, is attached to the membrane via a glycosylphosphatidylinositol anchor (6) . The lack of any obvious membrane-interacting features in the SMPDL3A structure, such as the hydrophobic hairpin of bacterial sphingomyelinases (33) , may be related to its evolutionary specificity toward the hydrolysis of nucleotides rather than membrane lipids. It should be noted that a number of lipid-degrading enzymes require the assistance of protein cofactors for access to lipids (5), and we cannot exclude this possibility for SMPDL3A.
Although SMPDL3A can accommodate the choline head group of SM in its active site, binding is mediated mainly by the phosphate moiety. Interestingly, in the case of nucleotide substrates, binding affinity also seems to stem mainly from electrostatic and hydrogen-bond interactions involving the ␤ and possibly ␥ phosphates (or ␣ and ␤ phosphates in nucleotide diphosphates). Interactions with parts of the nucleotide beyond the phosphates are weak and do not contribute significantly to binding as demonstrated by the Y257A mutant. Indeed, this tyrosine is replaced by a serine residue in human SMPDL3A (Fig. 1) , which is also active against nucleotides, further confirming that Tyr-257 is not important for substrate binding. We suggest that the relative lack of specific recognition beyond the FIGURE 6. Proposed reaction mechanism for SMPDL3A. A, the active site of SMPDL3A is compared with that of calcineurin (PDB code 3LL8). Residues in beige, one zinc ion, and one iron ion (orange sphere) form the calcineurin catalytic center occupied by a phosphate ion (orange central atom). Residues in green and a sulfate ion (yellow central atom) are part of the SMPDL3A active site. Active site residue labels in parentheses refer to calcineurin. B, a comparison of SMPDL3A bound to AMP and AMPCP is shown (only the ligands are depicted). The structures are in the identical orientation to illustrate the difference in the terminal phosphate group between the two ligands. Zinc ions and the nucleophilic water are labeled. C, model of ATP substrate bound to SMPDL3A. An ATP molecule was manually docked into the substrate binding site using the AMP complex structure as a guide. The ␤-phosphate is positioned for nucleophilic attack by a water molecule (red sphere), whereas the ␥-phosphate acts as the leaving group. Potential interactions with protein residues are indicated. D, schematic diagram of the proposed ATP hydrolysis mechanism for SMPDL3A, which involves a nucleophilic attack by a zinc-activated water molecule on the ␤-phosphate. This is followed by protonation of the departing ␥-phosphate by one of the two nearby histidines, likely His-111 with assistance from Asp-79.
phosphate group is what allows this protein to hydrolyze different types of nucleotide triphosphates and diphosphates (11) .
Our work reconciles previous findings of inhibition of SMPDL3A by zinc, with the known dependence of ASMase on this metal. Millimolar concentrations of zinc block the active site of the enzyme, and optimal activity is only possible at lower concentrations in the micromolar range, consistent with the physiological serum levels of zinc (5) . Excessive zinc concentrations are known to also inhibit ASMase (34) . This artificial inhibition is less pronounced at acidic pH, perhaps due to electrostatic repulsion between the metal ions and the partially protonated coordinating histidine residues.
The catalytic mechanism proposed here is similar to that of other members of the calcineurin-like phosphoesterase superfamily, with the identity of the catalytic histidine as a possible key difference. Our mechanism accounts for the ability of SMPDL3A to hydrolyze ATP and ADP while remaining inactive against AMP (11), as there is no possible leaving group when AMP is bound in the same orientation as the other nucleotides. Additionally, it accounts for the much higher K cat of the enzyme at pH 5, as the catalytic histidine would be a better proton donor in an acidic environment. All of the residues involved in the proposed mechanism are conserved in ASMase (Fig. 1 ). In addition, disulfide-forming cysteines are conserved, and sequence insertions occur only outside of secondary structure elements, suggesting that ASMase adopts the same overall fold, including the CTD. However, there is no sequence conservation with ASMase in residues that interact with the substrate portions beyond the phosphate group (Fig. 1 ), which could explain the different substrate specificities of these two proteins. This study, therefore, sheds new light on the function of ASMase-like enzymes.
